In the work, the thermal and vacuum fluctuation is predicted capable of generating a Casimir thrust force on a rotating chiral particle, which will push or pull the particle along the rotation axis. 
Introduction-Vacuum quantum fluctuation gives rise to an attractive force between two parallel conducting plates, the so-called Casimir force [1] , because the plates can modify the zero-point energy of the electromagnetic (EM) field. As a macroscopic quantum phenomenon, Casimir force has attracted widespread attentions and been intensively investigated [2] [3] [4] [5] because it impinges on various fields ranging from fundamental physics to micromechanics, chemistry and biology when considering the micro-interaction of micro-/nano-objects, molecules and atoms [3, 6, 7] . The interaction between the object and the vacuum depends extremely on geometry and material property of the object, which opens a way of tailing Casimir force [8, 9] . For example, an ideal metal spherical shell [10], rectangular box [11] , a metal needle and a metal plate with a hole [12] , two dielectrics immersed in a medium of special optical properties [13] , a chiral metamaterial [14] , can result in repulsive force. The sign of Casimir force can be tuned by a separation between two plates with interleaved metal brackets [15] and the sign of Chern number in Chern insulator which constitutes the two plates [16] . Breaking translation symmetry with a corrugated surface on the object [17, 18] and breaking the reversal-time symmetry with a rotating particle near a surface [19] can give rise to lateral Casimir force. Restoring Casimir torque can also be induced by breaking azimuthal symmetry with anisotropic materials [20, 21] .
Recently, dynamical interaction of an object with the thermal and vacuum fluctuation was investigated. Vacuum friction was theoretically predicted to exert on a surface and a small particle moving parallel to a surface [22] [23] [24] ,while rotational vacuum friction is on a rotating particle [25] [26] [27] .Lateral Casimir force can arise on a rotating particles near a surface because of the spin-orbit interaction [28, 29] . As well known, because of the chirality of the screwblades, a rotating propeller can generate thrust force in water/air through collision between the rotating screw-blades and water/air molecules. In this letter, analogous to the propeller, we predict that a vacuum thrust force can be generated on a rotating chiral particle along the rotation axis through the interaction of the rotating chiral particles with thermal and vacuum fluctuations. Such vacuum thrust force originates from the rotation-induced symmetrybreaking and chirality-induced cross-coupling between electric and magnetic fields and dipoles. Using fluctuation dissipation theorem (FDT) [25, 26] , we semiclassically derive the analytical expressions for the vacuum thrust force exerting on a rotating chiral particle in dipolar approximation. Numerically, we also investigate dependence of sign and magnitude of the force on rotation frequency, chiral coefficient and resonant frequency of chiral material.
FIG. 1. (a)
Schematic of vacuum thrust force on a rotating chiral particle at Ω in the lab frame. (b) illustration of the two origins of the vacuum thrust force in rotation frame: 1) rotation-induced frequency splitting, whereby the frequency of the circular polarized EM field of σ + increases to ω+Ω (blue), while the EM field of σ − reduces to ω−Ω (red), and 2) symmetry-breaking induced by the dispersion of polarizabilities and chiral parameter, which results in imbalance of two opposite spin-induced optical forces F + and F − .
Theoretical Description-We consider a chiral spherical particle in vacuum, which is isotropic and small enough to be accurately described in dipole approximation through frequencydependent chiral parameter χ(ω), electric and magnetic polarizabilities α e (ω) and α m (ω). The electric and magnetic dipole moments of the nonrotating chiral particle can be expressed as [30] . According to the optical force on the chiral dipole [30] , the two components of optical force F Le =ωγ e <L e > and F Lm = ωγ m <L m > are, respectively, caused by electric and magnetic spins. Here, < > denotes average over
and L e(m) is the electric(magnetic) spin density of the electromagnetic (EM) field. Interestingly, through the cross-coupling of the electric and magnetic fields by the chiral parameter χ, the spin-induced optical force can provide a way of transferring spin angular momentum (SAM) of an external EM field to linear momentum of the particles along the direction of the spin of EM field. Additionally, note that the direction of the optical force depends only on the helicity of the circular polarized (CP) EM field
instead of the Poynting vector of the CP field. In the quantum frame of EM field, the vacuum SAM of the two opposite helicity σ ± of the CP field can be expressed as <L
, where Plank constant  denotes SAM carried by a single photon [31] , the free-space photonic local density of states ρ 0 (ω) = ω 2 /(π 2 c 3 ) [32] and the averaged photon
in thermal vacuum at temperature T 0 [32] . Therefore, by integrating over frequency domain, the vacuum force induced by electric and magnetic spin of the two opposite helicity can be estimated as
Here, Υ(ω) = α e (ω)/ 0 + α m (ω)/µ 0 , ∓ correspond to the opposite helicity σ ± , which indicates that the vacuum force induced by the CP of σ ± the helicity has opposite direction. Therefore, for a nonrotating chiral particle, the symmetry of the vacuum leads to the equivalence of the vacuum spin momentum of the two opposite helicity, and thus balance of the spin-induced vacuum force associated with the opposite helicity, which contributes nothing to the vacuum thrust force.
However, for a chiral particle rotating around the x axis with a rotation frequency of Ω as in Fig. 1(a) , the rotation breaks the symmetry and thus results in the vacuum thrust force. In particular, in the rotating frame with the particles, due to angular Doppler effect [33] [34] [35] as in Fig. 1(b) , the frequency of the CP field of σ + helicity is increased to ω + = ω + Ω, while the frequency of the CP field of σ − helicity is decreased to ω − = ω − Ω [28] . Accordingly, the electric polarizability α e (ω) of the nonrotating chiral particle will be split into two components, α e (ω + ) and α e (ω − ) for the CP fields of the opposite helicity. Similarly, the magnetic polarizability α m (ω) and chiral parameter χ(ω) are, respectively, split into α m (ω ± ) and χ(ω ± ). As a result, the splitting makes an imbalance in spin-induced vacuum force of the opposite helicity as in Fig. 1 (b) , and thus leads to the vacuum thrust force.
To obtain an analytical expression for the vacuum thrust force more rigorously, we firstly consider an optical force exerting on a chiral particle in the dipole approximation, which can be written as [30, [36] [37] [38] 
and an interaction term F int 
and the EM field induced by the dipole fluctuation as
, we obtain three components of the vacuum thrust force through FDT (see supplemental material [39] for details), 
where total vacuum thrust force F x tot = F x dip+pmfl + F x pfl+mfl + F x Efl+Hfl . Here, we can see that Eq.
(6) derived from the FDT has the same form as the first term of Eq.(1) derived by the quantization of the vacuum EM field, while Eqs. (7) and (8) Numerical Results-Since the optical chirality of natural material is small, we assume the rotating particle made of chiral metamaterial(CMM) [40] . For the CMM of the particle, the constitutive relation is defined as [14] where, for a Ω particle that is a canonical particle to model the CMM [14, 40] , ( ) [41] . Despite of the formula for a Ω particle, the dispersion formulas can be applied to the natural chiral material since the formulas of permittivity and permeability are in Lorentz shapes and the formula of chiral parameter is consistent with Condon model [42] . As shown in Figs. 2(a) -(c), the dipolar electric and magnetic polarizabilities α e (ω), α m (ω) and chiral parameter χ(ω) of the chiral particle can be obtained by Mie scattering coefficients [38, 39] . Fig. 2(a)-(c) show the real and imaginary parts of the polarizabilities and chiral parameter with particle radius R = 10µm (solid curve) and R = 50µm
(dashed curve), where the retardation effect leads to the resonant broadening in the R = 50µm
particle with respect to the R = 10µm particle. To gain insight into the vacuum thrust force, we plot the integrand of the three components in Eqs. (6) (7) (8) and the total integrand of these components for the R = 50µm particle as in Figs due to the strong dispersion of the polarizabilities and chiral parameter near resonant frequency(indicated by dashed line), which dominates the vacuum thrust force. Therefore, a CMM having many resonant frequencies, which can be modeled as sum of many Ω particles [40] , can enhance the vacuum thrust force.
The integrands of the three components in Eqs. (6) (7) (8) are proportional to the difference A j (ω + )−A j (ω − ).
Here,
Under the realistic condition of rotation frequency Ω << ω 0 , F are proportional to rotation frequency Ω as in Fig. 3 (a) . In Fig. 3 . Similarly, the difference of vacuum photon number N T (ω
ΩT ,which leads to the linear temperature dependence of the vacuum force at T  0K as in Fig. 3(b) . Note that, as shown in Fig. 3(c) , this linear dependence is broken in low temperature range of 0 ∼ 2K (indicated by red dashed line) and the total vacuum force approaches to constant value at zero temperature, Interestingly, unlike natural materials, the CMM is a kind of metamaterial whose optical parameters can be tuned artificially by its structure [14, 40, 41] . Assuming the other material parameters unchanged, we investigate the sign and magnitude dependence of the vacuum thrust force on the resonant frequency ω 0 and the chiral coefficient Ω κ , as in Figs. 4(a-b) . In Fig. 4(a F reaches the maximum at ω 0 /2π = 715T Hz (λ = 419nm) and turns from negative sign to positive one with crossing the zero value at ω 0 /2π = 809T Hz (λ = 371nm). In the above calculation, the radius of particle is chosen as 50 nm to ensure the validity of dipolar approximation. As in Fig. 4 , we can shrink down the size of the Ω particle to increase the resonant frequency and thus the vacuum thrust force. proportional to Ω κ . It is clear that the particle of the opposite chirality will suffer the vacuum thrust force in opposite direction. This provides a new mechanism to sort the chiral particle in vacuum at same rotation speed.
Conclusions-A vacuum thrust force is firstly predicted on the a rotating chiral particle, which originates from two factors: i) chirality-induced cross-coupling between electric and magnetic fields; ii) rotation-induced frequency splitting and dispersion of polarizabilities and chiral parameter. We derive the analytical expression for such vacuum force. Based on Ω particle model, numerical investigation shows that the vacuum force linearly depends on rotation frequency, temperature and chiral coefficient. The spectral force near resonant frequency of the chiral material dominates the thrust vacuum force. Increase in resonant frequency of the chiral material helps to enhance the vacuum force for the resonant frequency ω 0 ≤ 557T H. The thrust vacuum force can be enhanced near a surface with surface plasmon polariton [27] .The work opens a new way to exploit the vacuum zero-point energy, for example, to implement a vacuum propeller for a spaceship and to separate the chiral particle in vacuum.
